Abstract-A comprehensive consideration of loading effects is essential to the design/analysis of high-frequency MRI radio frequency (RF) coils. In this study, a hybrid finite difference time domain (FDTD)-method of moments (MoM) simulation method is implemented for the accurate evaluation of RF coil-tissue interaction. Using this approach, the RF coil is modelled using the MoM algorithm, and the biological load is handled with the FDTD algorithm. Effective communication between these two approaches is realized through a Huygence equivalent surface. The algorithm has been successfully validated and applied to a loaded coil study and the simulation demonstrated the potential of the hybrid algorithm for high frequency RF coil designs.
INTRODUCTION
In high field MRI, the dimensions of the RF coil are comparable to, or less than that of, the operational wavelength, causing the RF field inside the biological load to exhibit prominent wave behaviour. In addition, the RF field and source currents in the RF coil are strongly perturbed by the biological load. For the high frequency RF coil design, it needs to address these complex coil-tissue interactions. Quasi-static approximations are no longer an appropriate methods and the calculation of the electromagnetic (EM) fields requires full-wave solution of involved Maxwell's equations [1] [2] [3] [4] [5] . There are a number of full-wave numerical techniques available, including the finite difference time domain (FDTD) [1] [2] [3] [4] [5] , finite element and the method of moments (MoM) [6] . Each numerical technique has its own strengths and limitations. Recently, hybrid numerical methods, which integrate the desirable features of two or more different full-wave EM numerical techniques [7] , have been developed. The combination can usually enhance the overall efficiency and numerical accuracy of the algorithm. In the study a hybrid FDTD/MoM method is performed to evaluate the RF coil-tissue interaction. Although this hybrid approach has been reported for antenna applications, little investigation has been done in solving the EM problems in MRI and this work demonstrated that the FDTD/MoM approach is very useful for the analysis and design of high frequency RF coils with load.
FDTD
The FDTD method [8] belongs to a class of grid-based time-domain numerical techniques, which solve Maxwell's equations directly in their partial differential equation form. Central-difference approximations are used to discretize the partial differential form of Maxwell's time dependent equations into space and time partial derivatives. This results in replacing Maxwell's equations by a set of finite difference equations, which are solved in a time-stepping manner. To implement the FDTD method, the desired computational domain is first discretized into appropriately sized unit cells (Yee's cells), and dielectric properties of each cell are specified. Once this is established, excitation sources are also specified. At any given instant in time and space, the FDTD algorithm will calculate both electric and magnetic fields. This process is repeated until the desired transient or steady-state electromagnetic field behaviour is obtained. The behaviour of the field components over the problem space gives an essentially complete characterization of the behaviour of the initially assigned source so that it can be post-processed appropriately for its application.
FDTD has the advantage of simplicity and efficiency in analyzing heterogeneous dielectric samples such as the human body, but it suffers from the inconvenient way in which the 3D space has to be discretized into regular box-shaped cells and an absorbing boundary has to be used. Usually 3D perfectly matched layers (PMLs) [8] with a parabolic conductivity profile are used in the FDTD simulation. The PML is applied as an EM field absorbing boundary condition, and its inclusion is essential in the FDTD simulation to avoid having to compute large regions of free space, thereby saving considerable computing time and memory resources. Using the staircasing approach, the FDTD method discretizes 3D space in to cubic cells to model dielectric samples and RF coils, and this can sometimes lead to unacceptable numerical errors.
MoM
MoM is a numerical technique that solves Maxwell's equations in the integral form and in the frequency domain [6] . For a given RF structure with an arbitrary excitation source, MoM first discretizes all of the wire structures into segments, and conducting surfaces into small triangular patches. The task is then to determine the current distribution on these discretized segments and triangular patches when excited. The formulation begins with the development of an integral equation, which defines the electric field resulting from an arbitrary excitation source. This integral equation is formulated using the Green function, which relates the electric field at an arbitrary observation point to the current, at the source. The boundary condition of the total electric field is then forced on the surfaces of the discretized wire segments and triangular patches. Basis functions are used to expand the current distribution, and testing functions are used to enforce the electric field boundary condition on the wire and patch surfaces. This translates the integral equation into a system of simultaneous linear equations, which are then solved for the expansion coefficients associated with the basis functions. The current distribution is then constructed from the expansion coefficients. Once the current distribution is known, the feed point impedance and the radiation characteristics of the RF structure can be calculated.
MoM is very efficient at solving unbounded problems because it only requires the discretisation of the domain where the current flows. MoM does not need to analyse the space surrounding the source, hence the process of discretisation of the complete 3D space is not required, it is therefore very well suited for modeling complex coil structures, such as a cylindrical shield, but is not readily suited for modelling complex and arbitrary shaped dielectric samples. This is because it needs to either use a complicated Green function or the solution of large matrix equations necessary to accurately model the essentially lossy, dielectric loads, which can be practically very difficult for large-scale biomedical applications.
HYBRID FDTD/MOM BASED ON HUYGENCE EQUIVALENT SURFACE
A Huygence equivalent surface method [7] was used to effectively link MoM and FDTD together. To show the implementation of this hybrid approach for MRI RF coil modelling applications, a loop coil-spherical phantom interaction case is investigated (see Fig. 1 ).
As demonstrated in Fig. 1 , the computational domain is first divided into two zones: an FDTD zone considers a total-field region including biological loads, where the dielectric sample was located and where coil-tissue interactions were explicitly evaluated; a MoM zone represents the RF coils region, containing the MoM-modelled circular surface coil only. The circular coil was firstly tuned to the desired resonance frequency and matched to the 50 Ω system impedance, without loading. Thereafter, the Huygence equivalent surface sources, generated by the MoM-calculated currents in free space, were determined. This first set of MoM-calculated Huygence equivalent sources are the six surfaces that bounded the spherical phantom (Huygence box) and this is the interface that efficiently hybridised the MoM and FDTD zones together. These equivalent surface sources were the electric and magnetic current elements that were mapped on to FDTD cell grids (cell size: 4 mm). With these equivalent surface sources, the FDTD method used a total/scattered formulation to calculate the RF field inside the spherical phantom excited by the mapped MoMcalculated Huygence equivalent sources. The total field region was inside the box, and the scattered field regions truncated by suitable PMLs were outside of the box. The scattered fields from the modelled phantom perturbed the values of the initial mapped MoM-calculated Huygence equivalent sources. These modified Huygence equivalent sources were recorded and handed back to the MoM domain for a recalculation of the currents on each wire segment of the surface coil resulting from the FDTD-updated Huygence equivalent sources. With the recalculated MoM currents, a new set of MoM-derived Huygence equivalent surface sources was obtained and again mapped back on to the FDTD discrete domain for another round of evaluation of the coil-tissue interactions. This process was iterated until convergence was achieved (that is, no further changes to the Huygence equivalent surface sources, the RF fields inside the phantom and the currents on the coil were observed), resulting in a steady solution.
RESULT
The hybrid algorithm was implemented and Fig. 2 demonstrates the convergence of the algorithm. It can be seen that the steady solution can be obtained within three or four iterations.
Once convergence was achieved, the RF field inside the spherical phantom was calculated. For validation, the same experiment was also numerically simulated using the well-established hybrid Green function/MoM solution [7] . Fig. 3 shows the scattered field pattern during the simulation. It is easy to see that the biological load introduce scattered field which will induce currents on the RF coils. The sample induced current will disturb the RF field in the sample again. This interaction will be simulated by the hybrid approach in an iterative fashion (see Fig. 2 ). Fig. 4 shows the accuracy of the proposed algorithm and also the field distortions inside the phantom at 470 MHz. we noted that there was a 13.6% change of current on the coil before and after loading.
DISCUSSION
From the simulations, field-sample interactions are clearly more pronounced in these high frequency experiments than at lower frequencies [3] . Accurate assessment of the field-sample interaction phenomenon in high-field MRI should help with our understanding of the phenomenon and therefore provide invaluable insight into possible paths to alleviate the effect [1] [2] [3] [4] [5] [6] . For example, from the simulation example, it can be seen that the coil current has been disturbed to a large amount; however the conventional simplified EM approaches will hardly provide such detailed information, and it indicates that the presented hybrid approach is more suitable for solving high frequency RF problems. Importantly, safety effects can also be accurately evaluated using this hybrid field calculation approach. In addition, the parallel computing of the FDTD and MoM algorithms will enhance the performance and capacity of the proposed methods.
CONCLUSION
In this study, a hybrid FDTD/MoM solver, using a Huygen's equivalent surface method, offers a high-performance computing platform for accurate evaluation of RF coil-tissue interactions. In the algorithm, the complex coil/tissue interactions have been explicitly accounted for, and in particular, this method does not make any compromise for RF coil modelling (simplified current/voltage source, staircase assumption, etc), and it enables us to consider more sophisticated coil structures and particularly the mutual coupling between coil-coil & coil-load in an accurate way, which is important for high field RF technology.
